The electronic states of Au-induced atomic nanowires on Ge(001) (Au/Ge(001) NWs) have been investigated by angle-resolved photoelectron spectroscopy with linearly polarized light. We have found three electron pockets aroundJK, where the Fermi surfaces are closed in a surface Brillouin zone, indicating that the surface states of Au/Ge(001) NWs are two-dimensional whereas the atomic structure is one-dimensional. The two-dimensional metallic states exhibit remarkable suppression of the photoelectron intensity near a Fermi energy. This suppression can be explained by the correlation and localization effects in disordered metals, which is a deviation from a Fermi-liquid model.
Interacting electrons in two-and three-dimensional metals without disorder are well described by Fermiliquid theory, where low-energy excitations of the interacting electrons can be treated as non-interacting quasi particles. The interaction between electrons in onedimensional systems breaks down the Fermi-liquid theory and is described as a Tomonaga-Luttinger liquid (TLL) [1] [2] [3] . Atomic nanowires (NWs) formed on semiconductor surfaces have been regarded as suitable systems to explore such intriguing physics of a TLL in real materials [4] [5] [6] [7] [8] [9] [10] [11] [12] . While the atomic structures of the NWs have been well established on the semiconductor surfaces, the TLL behavior has not yet been demonstrated experimentally 4, 6, 7, 12 except in gold-induced atomic NWs on Ge(001) (Au/Ge(001) NWs) 9, 10 . One of the difficulties is that the electrons in these NWs are not always strictly one-dimensional; two-dimensional undulation of the Fermi surface, reflecting inter-chain interaction, was often observed as in In/Si(111)-(4×1) 4 and Au/Si(553)
by angle-resolved photoelectron spectroscopy (ARPES). Another difficulty is that lattice disorder in the NWs at the surfaces makes the TLL behavior smeared out 13 . Moreover, correlation and localization effects in disordered metals induce non-Fermi-liquid behavior 14 , such as the decrease of density of state (DOS) around Fermi energy (E F ) 15, 16 .
For Au/Ge(001) NWs, a TLL state was claimed on the basis of the decreasing DOS with a power law of the binding energy near the Fermi energy (E F ), as observed both in the tunneling spectra by scanning tunneling microscope (STM) and the integrated ARPES intensity 9, 10 . However, it has been reported that the metallic surface band of Au/Ge(001) NWs exhibits two-dimensional nature 8, 11 , and the direction of the surface Brillouin zone (SBZ) is still under discussion 17 . In addition, a unique lattice disorder at the surface in a long range has been observed by STM.
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In this Rapid Communication, we report on the electronic states of Au/Ge(001) NWs studied by highresolution ARPES using linearly polarized light. We show that the Fermi surfaces of Au/Ge(001) NWs are closed in SBZ and the surface states are undoubtedly two-dimensional, indicating that the interpretation as the TLL state is failed. Nevertheless, we found that the two-dimensionally-integrated ARPES intensity of each surface band shows suppression of DOS with decreasing the binding energy to E F . We attribute this to the correlation and localization effects in disordered metals [14] [15] [16] . The lattice disorder in the long range inherent to Au/Ge(001) NWs induces the localization of the interacting surface electrons with keeping the band electron character.
Our ARPES experiments were performed at CAS-SIOPÉE beamline in synchrotron SOLEIL. The sample temperature was 6 K during the measurements. The experimental geometries are represented in Figs. 1(a) and 1(b). We used synchrotron radiation (SR) with linear horizontal (LH) and linear vertical (LV) polarization, where the electric-field vectors of LH and LV are parallel and perpendicular to a light incident plane, respectively. A slit of a hemispherical electron energy analyzer (VG Scienta R4000) is perpendicular to the light incident plane. For the LH geometry in Fig. 1(a) , the electricfield vector of the incident light coincides with a (110) plane of a sample. For the LV geometry in Fig. 1(b) , the sample was tilted by an angle of 15
• around [110] in order to acquire the photoelectrons from 4th SBZ of Au/Ge(001)-c(2×8). Intensity mapping of ARPES was performed with rotating the sample around the polar axis shown in the figure. The energy resolution for the measurement with the photon energy of 31 eV was set to 20 meV.
The Au/Ge(001) NWs were prepared in situ in the molecular beam epitaxy chamber connected to the ARPES chamber. We used a flat n-type Ge(001) substrate, which provides double-domain samples of Au/Ge(001) NWs with the c(2×8) reconstruction. The clean surface was prepared with several cycles of 0.8 keV Ar + bombardment at 670 K and subsequent annealing up to 900 K for a few minutes. Au was deposited onto the clean surface kept at 740 K from a tungsten filament coated by Au, which gave a sharp and low-background c(2×8) low-energy electron diffraction pattern 22 . In Fig The Fermi surface of S 1 is closed in the SBZ. The S 1 band has upward energy dispersion from k y = 0Å −1 and clearly crosses the Fermi level on k y . Such energy dispersion of S 1 was also observed with the photon energy of 96 24 . We emphasize that the surface-state bands should not cross the Fermi level along k y if the surface states show one-dimensional nature and trough-like energy dispersion in the SBZ as reported in the references of 10 and 21. The S 1 band also crosses the Fermi level on k x (see Fig. 3(b) ). Thus the S 1 band is two-dimensional at E F .
In the area of S 2 (S ′ 2 ), we can recognize finite ARPES intensity, even at the binding energy of 5 meV. In the mapping images and MDCs, the diameter of the round ARPES intensity at the S 2 (S ′ 2 ) area increases with decreasing the binding energy toward E F . This suggests that surface bands with upward energy dispersion cross the Fermi level on the k y axis in these areas. The possible S 2 and S ′ 2 bands also cross the Fermi level on the direction parallel to k x (see Fig. 3(c) ). These results clearly contradict with the interpretation of a one-dimensional band 9, 10 . The widths of the MDCs ought to be the same if the band is one-dimensional.
Consequently, the surface-state bands S 1 , S 2 and (S The above is mentioned without stipulating the SBZ. Hereafter, we start to discuss the relationship between the surface-state bands and the SBZ. The ARPES intensities of the metallic bands S 1 and S 2 from the present double-domain sample largely depend on the light polarization of 31 eV. Figure 3(a) shows constant-energy intensity maps at the binding energy of 5 meV. Here, the maps in the range of 0.8 < k x < 1.2Å −1 and −1.2 < k x < −0.8Å −1 were measured with the LH geometry, and that in the range of −0.5 < k x < +0.5Å −1 with the LV geometry. For the maps with the LH geometry, the photoelectron intensities are prominent only around k x ∼ ±0.98Å −1 and −0.35 < k y < +0.35Å −1 in the area of the k-space shown in Fig. 3(a). Figures 3(b)-3 (e) exhibit the band structures recorded along l 1 -l 4 shown in Fig. 3(a) . We observed upward energy dispersions and the oval-shaped Fermi surfaces for S 1 , S 2 and S ′ 2 on a negative k x . The photoelectron intensity from each band is almost symmetric with respect to k x = −0.98Å −1 . On the other hand, for the positive k x , the photoelectron intensities from S 1 and S 2 are visible only at k x larger than +0.98Å −1 . Concerning the Fermi surfaces, half ovals are consistently observed at k x ≥ +0.98Å −1 .
We schematically draw possible Fermi surfaces of these bands on the positive k x together with the SBZs of the A and B domains in Fig. 3(f) . If the surface bands belong to the B domain, the band centers are on the boundary of SBZs. Then, the intensities from S 1 , S 2 and S ′ 2 are enhanced in the 4th SBZ, and are suppressed in the 3rd SBZ. This modulation of the photoelectron intensities can be attributed to the interference effect in the photoemission process, known as Brillouin-zone-selection effect [26] [27] [28] . We note that the incident light polarization is an important factor in the photoemission process and modifies the interference effect. In the present case, the intensity modulation is conspicuous only at k x ∼ +0.98. This can be explained by the difference of the polarization 29 . If we assume that observed bands belong to the A domain, the photoelectron intensities from them are suddenly diminished in the same SBZ at k x ≤ +0.98Å −1 , as shown in a left panel of Fig. 3(f) . As far as we know, there is no theory to account such change of the photoemission matrix element and thus the angular distribution of photoelectron intensity. Here, we conclude that the surface metallic bands are aroundJK and each electron pocket exhibits symmetric energy dispersion with respect toJK. The fixed band structures of Au/Ge(001) NWs are schematically depicted in Fig.  3(g ). This conclusion is consistent with the previous lowresolution ARPES result using a single-domain sample 11 . The present high-resolution ARPES with the optimized photon energy of hν = 31 eV provides clear information on the band structure of Au/Ge(001) NWs compared with the previous one with a He discharge lamp (hν = 21.2 eV). We note that the assignment of the SBZ in the references of 10 and 21 was inappropriate. For correcting it, the SBZ should have been rotated by 90
• .
From above discussion, S 1 and S 2 around k x ∼ ±0.98 A −1 and −0.35 < k y < +0.35Å −1 observed with the LH geometry belong to the B domain. We note that S 1 and S 2 in this area could not be detected with the LV geometry. On the other hand, S 1 and S 2 were found with the LV geometry only around −0.35 < k x < +0.35Å
and k y ∼ +0.98Å −1 , which corresponds to theJK axis of the A domain, as shown in Fig. 3(a) . These surface bands thus belong to the A domain. We observed the upward energy dispersions for S 1 and S 2 of the A domain along l 5 shown in Fig. 3(a) 30 , being consistent with the result shown in Figs. 2(b) and 2(c).
According to dipole selection rule, initial state with even (odd) symmetry with respect to the (110) plane is observable with the LH (LV) light polarization. We thus assign that the surface bands of the B domain predominantly exhibit the even symmetry on the (110) plane. This result should be considered to analyze the symmetry of the surface states by band-structure calculations. Figure 4 (b) shows energy distribution curves (EDCs) obtained from the ARPES intensity map shown in Fig.  4(a) . We can recognize that S 1 is split into two, suggesting that S 1 exhibits the Rashba-type band splitting [31] [32] [33] . The summation of these EDCs is shown in Fig. 4(c) . The line-shape of the EDCs is in good agreement with the result reported by Meyer et al. 10 . Note that this summation does not provide the DOS of the two-dimensional band.
The two-dimensionally integrated constant-energy ARPES intensity of each band, S 1 and S 2 , over the area of each band in the SBZ, corresponds to the DOS if we neglect the matrix element effect in the photoemission process. The results are shown in Fig. 4(c) . The integrated photoelectron intensities from both S 1 and S 2 are much suppressed near E F compared with a spectrum taken from a Ta foil, regarded as the Fermi-Dirac distribution of a constant DOS. The result is quite in contrast to no suppression of the photoelectron intensity at E F in Pt/Ge(001) NWs with little lattice disorder 12 . The suppression of the photoelectron intensity at E F was claimed as evidence of the TLL behavior previously 9, 10 . However, the surface states are twodimensional, as mentioned above. For discussion on the origin of the observed low intensity of photoelectrons near E F , we should consider in the matrix element effect in the photoemission process in principle. In the present system, however, the effect must be small and the observation surely indicates the decrease of DOS with decreasing the binding energy toward E F because the suppression of DOS was also observed by the scanning tunneling spectroscopy (STS) 9 . The suppression of DOS around E F can be attributed to the correlation and localization effects in disordered metals [14] [15] [16] . A small decrease of DOS at E F due to this effect in a so-called weakly-localized metal continuously develops with increasing the disorder, and finally an energy gap is formed at the point of the metal-insulator transition. This anomaly of DOS near E F in the disordered metallic system is interpreted as a precursor effect of the opening of the correlation gap in the insulator phase 16 . The suppression of DOS around E F with the increase of disorder was actually reported in the tunneling spectra of amorphous Au 1−x Ge x 34 , Nb 1−x Si x 35 and integrated photoelectron intensity from the valence states of granular Pd 36 . In the present two-dimensional system, surface-state electrons are considerably scattered owing to the unique disorder in the surface lattice, which was commonly observed in the atomic images by STM [18] [19] [20] [21] [22] . The nonperiodic potential for the two-dimensional electrons induces the DOS suppression while the weak disorder can keep the surface band from serious broadening. In the theory 14, 16 , the DOS suppression recovers with increasing temperature. This was actually observed in the previous STS experiments of Au/Ge(001) NWs 9 . At present, however, the formula expressing the DOS as a function of energy, which depends on the nature of the electron-electron interaction, on the universality class related to the strength of spin-orbit interaction, and on the degree of disorder 14 , is not clear for the present twodimensionally interacting system 37 . Further theoretical studies as well as systematic experimental studies such as on the same system with different disorder are necessary for the quantitative analysis of the correlation and localization effects.
In summary, we have investigated the electronic band structure of Au/Ge(001) NWs by ARPES with linearly polarized light. We observed three electron pockets on JK, where the Fermi surfaces are closed in the SBZ. This is direct evidence of the two-dimensional metallic states in this system. The polarization dependence of ARPES provided conclusive information to fix the direction of the SBZ in the double-domain samples. For the two-dimensional surface states, we observed remarkable suppression of the photoelectron intensity just below E F . This suppression can be driven by the correlation and localization effects due to the unique lattice disorder at the surface, which is a key mechanism to understand the deviation from the Fermi-liquid model in real materials.
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